We present a ight path reconstruction algorithm designed for tethered systems with application to airborne wind energy generation and based on an extended Kalman lter (EKF). The kite state vector, with position, velocity, Euler angles, and angular velocities, has been extended to include error models for sensors, and stochastically modeled variables describing the aerodynamic force and torque of the kite, tether tension at the four lines, and wind velocity magnitude and heading angle. The observation model of the EKF gathers information from GPS, accelerometers, gyroscopes, magnetometer, load sensors at all the lines, and airspeed. The algorithm has been fed with real data obtained from an experimental setup. In addition to onboard sensors and load cells, the experiments also monitored the control inputs of the kite by measuring with two distance sensors the position of the control bar steered by the pilot. Several ight tests, which included pull-up and lateral-directional steering maneuvers with two kites of dierent areas, were conducted and used to investigate the performance of the EKF. The lter provided the estimation of the kite state-space trajectory during the tests. Important information, such as the aerodynamic forces and torques during the ight, were provided by the algorithm. This work is a rst step towards aerodynamic parameter identication of kites and tethered drones using ight tests data. 
Our contribution consists of two main elements. The rst one is a portable and low-cost experimental setup for the acquisition of ight data from four-line kites with tether lengths in the order of several tens of meters. Recent works highlighted the important role of this type of experiments in the progress of AWE systems and the diculties arising in the determination of the airspeed of the kite [25, 26] . The second element is a solution for the kite FPR problem, which incorporates special features of this type of systems such as the constraints imposed by the tethers and their tensions.
For congurations with relatively short lines, tether sagging can be neglected and the accuracy of the GPS can be improved by the geometric constraint introduced by the lines [27, 28] .
The work is organized as follows. Section II describes the main elements of the experimental Following Ref. [14] , we also introduce the plane Π dened by points F v and A ± . Since the tethers connected to the leading edge transfer most of the aerodynamic load, we will assume that they are well-tensioned and thus straight, within the plane Π. A kite-xed reference frame S K linked to the kite with origin at its center of mass O K will be also used. Axes X K and Z K are in the plane of symmetry of the kite, X K is parallel to the center chord, i.e. the imaginary line linking the leading and trailing edge points of the plane of symmetry of the kite, and Y K completes a right-handed coordinate frame. The S K -component of the tensor of inertia of the kite about its center of mass then reads,Ī
Our kite state vector
includes the S E -components of the position vector of the kite, the S K -components of the absolute velocity and angular velocity of the kite, and its roll, pitch, and yaw angles
A detail of the conguration of the control bar is given in the inset of Fig. 1 . The middle point of the bar, named C 0 , slides over a tether of length L s that links points F v and O E . If considered massless, such a tether will be in plane Π plane because its tension vector is in equilibrium with the tension vectors of the two tethers connecting to the leading edge which dene the plane Π. The movement of the bar is limited by the depower and power stoppers that are placed at distances L ds and L ps from F v and O E , respectively. Its distance to the power stopper is denoted as D cb .
Assuming that the pilot maneuvers the kite while keeping the control bar inside plane Π, the state of the bar is given by a control vector with only two variables
i.e. a power ratio u p , and the bar deection angle ν between the bar and the tether of length L s .
The former is dened as [25] 
and it takes values equal to zero and one when the kite is fully depowered (bar at the depower stopper) and powered (bar at the power stopper), respectively. The inset also shows the four load sensors (marked by black squares and green circles) and the distance sensors attached to the control bar safety fuse. These elements are described in Sec. II B, which focusses on the hardware selection and the reconstruction of the state and control vectors from the measurements. The ight test instrumentation implemented in the experimental setup are split into two groups.
The rst group includes the onboard instruments. A PixHawk running Px4 open source ight control software, was used for datalogging GPS positionr and velocityṽ, magnetic eld vectorB, static and dierential pressuresp 0 andp d , specic forcesf IM U , and angular ratesω. Additionally, Px4 attitude estimation was recorded during the ight for validation purposes of our own estimator (see Figure 3 in Sec. IV, ). Onboard instruments were powered by a 4.8V NiMh battery, while its positioning and orientation with respect to the kite frame S B was guaranteed by a specically designed 3D printed rig [see Fig. 2b ]. Such interface allows to safely attach the sensors to the central strut of the kite, just behind the leading edge. The plastic rig was designed to align the PixHawk hardware to the axes of S K . Therefore, the measured vector components are provided in the S K -frame.
The second instrumentation group comprises the on-ground sensor equipment. As shown in the schematic of Fig. 1 and Fig. 2c , four load sensors were installed to measure the tether tensions at points S c± and S l± . The sensors at S c± are at distance s 0 from the tips of the control bar. In order to measure the state of the control vector, dened by the power ratio and the bar deection, a specically designed and manufactured interface with two Posiwires WS31C 750 mm distance sensors was secured to the safety fuse of the kite control bar. These sensors measure the distances d ± between the tips of the interface, placed at distance w cl from the tether of length L s , and points
Since | C 0 O K |>>| A ± B ± |, one may assume that the rear control lines practically belong to Π and they are parallel to the tether of length L s . Under such assumptions, the following trigonometric relations holdd
These constraints and Eq. (8) give the power ratio u p (or the control bar distance D cb ) and the bar deection ν as a function of the measured distancesd + andd − . As two dierent group of sensors (onboard and on-ground) with two dierent data logging systems were used, a synchronization method was needed. For this purpose, a square time signal was generated by the analog output of the National Instruments 6002. This signal was fed from the NI 6002 output in the ground to the 6.6 V PixHawk ADC input in the kite, and recorded synchronously.
In case of loss of control, the surfkites are equipped with a manual safety fuse that allows the rear lines to become completely slack, so the kite ags on the front lines with zero angle of attack and falls to the ground. In order to make this safety method compatible with the experimental setup, a fth line linking the leading edge with the ground was added. Such a line does not play any role from a dynamic point of view because it does not support any load during a normal ight.
III.
Space State Flight Path Reconstruction
This section presents a solution to the FPR problem of the experimental setup in Sec. II B.
Its main inputs are the digital records of the sensors during the ight, which contain statistical noise and other inaccuracies, and its outputs are the time histories of the system state variables.
In addition to the kite kinematic variables, it also provides an estimation of the kite aerodynamic force and moment, wind speed and direction, and tether loads. This feature distinguishes it from other estimation solutions for kites and it is of great interest for future works on the aerodynamic characterization of kites based on EBM techniques. The core of the algorithm follows previous works on FPR for aircrafts by using continuous-discrete extended Kalman lters (EKFs), where forces and moments were also part of the state vector and modeled as Gauss-Markov stochastic processes [21, 29, 30] . They have been adapted to consider the special characteristics of kites and also our experimental setup. These extensions cover the information added by the constraints introduced by the tethers, the GPS, magnetic eld, and tether length measurements, and also a variation of the process model of the sensors to include stochastic error models for each sensor.
The process model of the lter is written in the compact form
with x representing the state vector and w the process noise, which is modeled from a multi-variable normal distribution function with zero mean and covarianceQ. Explicit equations for the ow f proc and the constant matrixḠ are given in Appendix A. The state vector of the lter
appearing in Eq. (11) includes: (i) the kite state vector (x k in Eq. (2)), (ii) a bias state vec-
with the biases for the measured magnetic eld, IMU specic forces, angular velocities, and airspeed, and (iii) a set of three pseudo states vectors
with i = 1, 2, 3, stochastically described using thirdorder Markov Models. The rst vector χ 1 contains the S B -components of the aerodynamic force F a1 and moments about the center of mass of the kite M a1 , the magnitudes of the tether tensions at the four attachment points T A ± 1 and T B ± 1 , the magnitude of the wind velocity V w,1 and its heading angle ψ w,1 . The process equations of this vector and the ones for χ 2 and χ 3 yield a three-term quadratic interpolation as a function of time, whose coecients are updated by the lter at each sampling instant. The dimensions of the kite state x k , bias state x bias , and each Markov vector χ i are equal to 12, 10, and 12, respectively. Therefore, the dimension of the total state vector of the lter x is N F = 58.
Although the state vector of the lter just contains the magnitude of the tether forces, we can estimate the vectors if we assume that the tensions are along the line determined by the attachment points (A ± or B ± ) and O E . Hereafter, we will take
with
The coordinates of the attachment points of the two kites are given in Table 1 . Equations (13)- (14) assume that the tethers are straight, and also used the fact that the tethers are much longer than the distance between the center of mass of the kite and the IMU, and also any distance related with the setup of the control bar (see Table 2 ). This pair of equation gives the tether tensions as a function of the state vector of the lter.
After denoting with symbol ∼ the variables measured by the sensors, the measurement model of the lter isỹ
withỹ representing the observation vector, h(x) the observation model that maps the true state space into the observed space (see the explicit model of h in Appendix A), and η the observation noise which is assumed to be zero mean Gaussian white noise with covarianceR. The observation vector of the experimental setup
includes the S E -components of the position and velocity vectors of the kite (r andṽ), the S Kcomponents of the specic force measured by the IMU, angular velocity, and magnetic eld (f IM U , ω, andB), the magnitude of the airspeed (ṽ aer ), the distance between the xed point O E and the center of mass of the kite (D), and the four magnitudes of the tether forcesT A ± andT B ± . We remark that the specic force measured by the IMU is equal to the kite acceleration minus the gravitational acceleration.
The application of the EKF to Eqs. (11)- (19) 
from t = t j to t = t j+1 and with the initial condition x R (t j ) =x 
with initial conditionΦ(t = 0) =Ī, andJ the Jacobian of f evaluated atx + j . The a priori state vector and covariance matrix at t j+1 are
The Kalman gain isK
withH
In addition to the Kalman innovation errorỹ j+1 − h x − j+1 in Eq. (26), the lter also gives the
that can be used for checking purposes.
The application of the lter to our ight data exhibited a high robustness with little sensitivity to its initialization. In any case, we normally initialized x k by using the information provided by the GPS and assuming symmetric ight with zero angular velocity. Vectors x bias , χ 2 , and χ 3 were initialized to zero. For χ 1 , we set the specic forces equal to minus the weight, zero moments, and wind velocity and its heading angle taken from average measurements before the ight. Following [21] , the covariance matrix was initialized with the measured noise of the measured variables, and to one-forth of the estimated initial value of the state for the unmeasured ones. The lter parameters has been tuned by using the sensors data sheets and also by analyzing the eect of the dierent parameters on the lter output. A full description of the lter and the parameters used in this work are given in Appendix A and Table 3 , respectively.
IV. Experimental results
Flight tests have been carried out with the 13 m 2 and 10 m 2 kites under similar wind conditions. The testing procedure started by powering all the sensors while the kites were on the ground. Px4 software was modied to record data from all sensors after powering up. Once a valid GPS signal was acquired, the kite was launched from one edge of the wind window and steered towards a stable equilibrium state close to the zenith. At that moment, the data acquisition software and the synchronization time signal were started, thus allowing a synchronous data acquisition of the onboard and on-ground instruments. Several manoeuvres (see below) were performed repeatedly, and the kite was landed at one edge of the wind window afterwards. The data recorded by all the instruments, which were re-sampled using a common 50 Hz time vector started at the rst rising edge of the synchronization signal, were analyzed o line. Figures 3(a)-(c) show the evolution of the pitch, roll, and yaw angles for the 13 m 2 -kite during the rst two minutes of ight. The dashed black lines, and the solid red lines correspond to the Px4 and the FPR estimated attitude, respectively. Both estimations, obtained from totally independent algorithms and software, are in good agreement. They prove that the experimental setup and the lter are correctly implemented. A second verication of the integrity of the lter is given in Fig.   4 , which shows the GPS measured (dashed black lines) and FPR estimated (solid red lines) values of the kite position components X E and Y E , its altitude H = −Z E , and the constraint distance D appearing in Eq. A9. The addition of such a constraint in our EKF greatly improved the GPS accuracy. As shown in Fig. 4(d) , raw GPS distance to the attachment point O E , oscillate with typical GPS accuracy values, while the FPR solution follows the imposed constrain. The FPR of the Euler angles (pitch, yaw and roll) versus the power ratio during the pull-up maneuver are shown in Fig. 6(a) , where, for clarity, the yaw angle has been divided by a factor of 10. As expected, the yaw and roll angles are almost constant during the pull-up, and the pitch angle The lateral-directional dynamics of the 10 m 2 -kite was investigated by varying periodically the deection angle of the control bar. As shown in Fig. 8 , the maximum and minimum deections were about 20
• and −30
• . Since the force at the bar increased notably during the induced crosswind motion of the kite, the pilot could not keep the power ratio constant and it also varied periodically 20 around the nominal value u p ≈ 0.4. The kite ew in crosswind conditions and moved from side to side in the wind window. A top view of the measured trajectory is displayed in Fig. 9 , where we also plotted the wind direction and the Earth axes at the initial instant of the steering maneuver. We now describe the lateral-directional steering maneuver as seen from the point of view of the pilot placed at the origin the wind reference frame displayed in Fig. 9 . The steering maneuver starts with the kite placed at the right side of the wind window ( black circle in Fig. 9 ). Since the kite had initially a lateral velocity pointing to the left and the pilot imposed almost zero deection to the control bar at that instant, the kites moved laterally. While the kite was moving to the left with a positive and increasing roll angle [ Fig. 10(a) ], the pilot pulled the right tip of the control bar, thus decreasing angle ν (see Fig. 8 ). Such a control input stopped the lateral motion of the kite, and avoided a kite crash at the left hand side of the wind window. The kite reached the center of the wind window and the maximum lateral displacement at instants t = 114.6 s and t = 116.9
s, respectively. The latter coincided approximately with the minimum of ν. After reaching the maximum lateral displacement at the left side, the kite moved to the right and the pilot increased the value of ν from −27
• at t ≈ 117 s to +20.46
• at 120.4 s. The kite performed a second crosswind motion during that time interval. It is also interesting to look at the behavior of the roll angular velocity component p. At the beginning of the maneuver, p was positive and at a maximum. The action of the pilot, decreased the value of p and, once it vanished, the kite banked to the right and moved to the opposite side of the wind window.
An analysis of the control inputs in Fig. 8 tethered drones aerodynamic parameter identication using ight tests data. This reconstruction means the optimal estimation of the kite/drone space state trajectory, using the kinematic equations of a tethered kite, measured data and stochastic error models for the involved sensors.
In particular, third order Markov-Models describing the aerodynamic force and torque about the center of mass of the kite has been incorporated to the state vector of the system, thus the aerodynamic response of the kite during the ight is optimally reconstructed. This feature distinguishes our EKF from past works on kites and can be used in future studies for the systematic aerodynamic characterization of kites through the so-called estimation-before-modeling technique. Therefore, a potential application of this work is the aerodynamic characterization of kites and tethered drones applied to airborne wind energy generation and kitesurf design. The EKF can be also a fundamental component in close-loop control scenarios.
Two important advantages of the experimental setup are the portability and low-cost. Two kites of dierent sizes and stiness were investigated with the experimental setup, which can be adapted to other kites or even to tethered drones by just 3D-printing the corresponding interfaces to host the on-board measurement instruments. However, the analysis of the results suggests that a more precise platform for the aerodynamic characterization of kites could be achieved by implementing the following improvements: (i) adding an air data boom with sensors to measure the ow direction (wind vanes) and also to improve the quality of the velocity magnitude by measuring in an undisturbed region of the ow eld, (ii) substituting the control bar and the load sensors at the tethers by a remotely controlled mechanical assembly with integrated load sensors. Recent studies show that both improvements are feasible for kites similar to the one presented in this work [25, 26] .
These changes would aect slightly our EKF by extending the observation vector and models for the angle of attack and sideslip angle measured by the wind vanes.
where we introduced the rotation matrix that relates S E and S K vector components
and, for brevity, we wrote sα and cα to denote the sine and cosine of any angle α. We remark that 
we writeB
where B 0 is the magnetic eld in the test area. We remark that the dierential pressure ∆p measured by the pitot tube was transformed into True Air Speed (TAS) by using
with ρ = 1.15kg/m 2 the air density at the test area obtained from the International Standard Atmosphere. The TAS was then used by the observation model asṽ aer .
The last component of the observation vector is the distance from O E and the center of mass of the kite, and it arises from the constraint introduced by the tethers, whose stiness is very high.
Such a constraint readsD
Unlike previous components of the observation vector, the distanceD is constant and equal to L s + L 2 l − y 2 A + , where we neglected the small distance between the location of the IMU and O K , and introduced the distance y A + between the attachment point A + and the plane of symmetry of the kite.
Since the biases of the measured tether forces are considered to be comparatively small, our observation model for the tether readsT
with η T A ± and η T B ± ∈ N (0, σ From Eqs. (A1), (A2), (A4), (A5), (A6), (A7), and (A9) one nds the function h in Eq. (19) .
and the covariance matrixR have zeros everywhere except at the diagonal
This section describes in detail the form of the ux f proc and the noise appearing in the right hand side of Eq. (11) . The dynamics of the kite state vector x k is governed by 
where g is the gravitational acceleration,Ī O K the tensor of inertia of the kite about its center of mass, and I x , I y , I z and I xz the non-zero components in S K ofĪ O K . In the right hand side of Eqs. (A14) and (A16) we gathered in the specic force f = f x i B + f y j B + f z k B and torque M = M x i B + M y j B + M z k B the actions of the aerodynamic and tether forces. These two vectors depends on the state vector of the lter as follows
with T A ± and T B ± given by Eqs. (13) and (14), and O K A ± and O K B ± by Eqs. (17) and (18) .
The process models for the sensor biases are 
